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Mast cellMast cells play a pivotal role in allergic responses. Antigen stimulation causes elevation of the intracellular Ca2+
concentration, which triggers the exocytotic release of inﬂammatory mediators such as histamine. Recent
research, including our own, has revealed that SNARE (soluble N-ethylmaleimide-sensitive factor attachment
protein receptor) proteins such as syntaxin-3, -4, SNAP-23, and VAMP-8 are involved in exocytosis. Although
exocytosis in mast cells is Ca2+ dependent, the target molecule that interacts with Ca2+ is not clear.
Synaptotagmin is a Ca2+ sensor and regulates exocytosis in neuronal cells. However, the role of synaptotagmin 2,
a member of the synaptotagmin family, in exocytosis in mast cells remains controversial. In this study, we
investigated the roleof synaptotagmin2 by a liposome-based fusion assay. SNAREproteins (SNAP-23, syntaxin-3,
VAMP-8) and synaptotagmin 2were expressed inEscherichia coli andpuriﬁedasGST-taggedorHis-tagged fusion
proteins. These SNARE proteins were incorporated by a detergent dialysis method. Membrane fusion between
liposomeswasmonitoredbyﬂuorescence resonance energy transfer betweenﬂuorescent-labeledphospholipids.
In the presence of Ca2+, low synaptotagmin 2 concentration inhibited membrane fusion between SNARE-
containing liposomes,while high synaptotagmin2 concentration enhancedmembrane fusion. This enhancement
required phosphatidylserine as a membrane component. These results suggest that synaptotagmin 2 regulates
membrane fusion of SNARE-containing liposomes involved in exocytosis inmast cells, and that this regulation is
dependent on synaptotagmin 2 concentration, Ca2+, and phosphatidylserine.+81 52 836 3414.
irashima).
l rights reserved.© 2011 Elsevier B.V. All rights reserved.1. Introduction
A mast cell is a specialized secretory cell that is involved in allergic
responses. Cross-linking of the high-afﬁnity receptor for IgE (FcεRI) by a
multivalent antigen causes an increase in the intracellular Ca2+
concentration, resulting in exocytotic release [1–3]. As in neuronal
cells, SNARE (soluble N-ethylmaleimide-sensitive factor attachment
protein receptor) proteins and Ca2+ play essential roles in exocytosis in
mast cells. At nerve terminals, synaptotagmin 1 is involved in Ca2+-
dependentmembrane fusion between synaptic vesicles and the plasma
membrane by the SNARE complex [4]. Synaptotagmin 1 is a membrane
protein localized on synaptic vesicles. It has a short intravesicular region
at theN terminus and two conserved C2domains (C2AandC2B) at theC
terminus. The roles of synptotagmin in mast cells, however, remain
unclear. Although several isoforms of synaptotagmin are expressed,
synaptotagmin 2 is themost abundant isoform inmast cells [5,6]. Baram
et al. reported that when synaptotagmin 2 was overexpressed,
exocytotic release of β-hexosaminidase and cathepsin D was inhibited
in rat basophilic leukemia 2H3 (RBL-2H3) cells [5]. Consistent with this,
they also showed that the release of those lysosomal enzymes wasenhanced when the expression level of synaptotagmin 2 was reduced
[7]. In contrast, Melicoff et al. showed that exocytosis in mast cells
derived from synaptotagmin 2-null mice was severely impaired [8].
Recently, we reported that vesicle SNARE (v-SNARE) liposomes
containing VAMP-8 fuse with target SNARE (t-SNARE) liposomes
containing SNAP-23 and syntaxin-3 or -4. We found that the
combination of VAMP-8, SNAP-23, and syntaxin-3 exhibits most
efﬁcient membrane fusion [9]. Thus, in this study, we attempted to
elucidate the role of synaptotagmin 2 in SNARE-mediated membrane
fusionusing liposomes inwhichSNAREs involved inmast cell exocytosis
were reconstituted.
2. Materials and methods
2.1. Cell culture
RBL-2H3 was cultured in Eagle's minimal essential medium
(Nissui, Tokyo, Japan) with 10% fetal bovine serum (GIBCO, Grand
Island, NY) at 37 °C in a humidiﬁed atmosphere with 5% CO2.
2.2. Expression and puriﬁcation of recombinant proteins
Full-length rat syntaxin-3, VAMP-8, and SNAP-23were expressed in
Escherichia coli andpuriﬁed asdescribedpreviously [9]. The primerpairs
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from residue 146 to 422) were 5′-ggatccttgcagttttctctggactatga-3′
(sense) and 5′-gcggccgcctacttgttcttgcccagaagag-3′ (anti-sense).
The obtained PCR fragments were subcloned into a pGEX-4T1 vector
(GE Healthcare, Buckinghamshire, UK) at the BamHI and NotI
recognition sites. The plasmids were transformed into BL21 (DE3)
E. coli. Transformed cellswere grown in LBmedium to anOD600 of 0.6,
and protein expression was induced by 1 mM isopropyl-β-D-1-
thiogalactopyranoside treatment for 4 h at 37 °C. Glutathione
S-transferase (GST) fusion proteins were puriﬁed by afﬁnity chroma-
tography using glutathione sepharose 4B (GE Healthcare). Concen-
trations of recombinant proteins were determined by the Bradford
method and bicinchoninic acid assay.
2.3. Pull-down assay
For the GST pull-down assay, 50 μg of GST-tagged recombinant
synaptotagmin 2C2 domainwasmixedwith 20 μl glutathione-Sepharose
beads in 500 μl Tris buffer (50 mM Tris–HCl (pH 8.0)) for 30 min.
Unbound protein was removed by 2 washes with PBS. GST-tagged
synaptotagmin 2C2 domain bound to glutathione-Sepharose beads was
mixedwith a total cell lysate of RBL-2H3 cells and incubated overnight at
4 °C. The beads were washed 5 times in PBS, and bound proteins were
eluted with elution buffer (25 mM glutathione, 50 mM Tris–HCl (pH
8.0)). The supernatant was subjected to SDS-PAGE and Western blot
analysis.
2.4. Western blotting
SDS-PAGE and Western blot analysis were performed as described
previously [10]. The following primary antibodies were used: rabbit
anti-SNAP-23 antibody (dilution 1:1000; Synaptic Systems, Göttingen,
Germany), rabbit anti-syntaxin-3 antibody (1:1000; Synaptic Systems),
rabbit anti-syntaxin-4 antibody (1:1000; Synaptic Systems), rabbit anti-
VAMP-8 antibody (1:1000; Synaptic Systems), andmouse anti-VAMP-2
antibody (1:2000; Synaptic Systems). Immunoreactive bands were
detected by enhanced chemiluminescence (ECL, GE Healthcare) using a
luminescence analyzer (LAS-3000 mini; Fujiﬁlm, Tokyo, Japan).
2.5. Protein reconstitution
v-SNARE and t-SNARE proteins were incorporated by a detergent
dialysis method as described previously [9]. The following com-
pounds were obtained from Avanti Polar Lipids (Alabaster, AL, USA):
1-palmitoyl-2-oleoyl phosphatidylcholine (POPC), 1,2-dioleoyl phos-
phatdylserine (DOPS), N-(7-nitro-2,1,3-benzoxadiazole-4-yl)-1,2-
dipalmitoyl phosphatidylethanolamine (NBD-DPPE), and N-(lissamine
rhodamine B sulfonyl) 1,2-dipalmitoyl phosphatidylethanolamine
(rhodamine-DPPE).
For v-SNARE liposomes, 100 μl of VAMP-8 solution (2 mg/ml VAMP-
8, 0.8% n-octyl-D-glucoside, 100 mM KCl, 10% glycerol, 1 mM dithio-
threitol (DTT), and 25 mM HEPES) was added to a 3 mM lipid ﬁlm
(POPC:DOPS:NBD-DPPE:rhodamine-DPPE=82:15:1.5:1.5 (mol ratio)),
and the solution dissolved the lipid ﬁlm.When phosphatidylserine (PS)
was omitted from the solution, phosphatidylcholine (PC)was increased
to 97% for the v-SNARE vesicles. Liposomes were prepared by detergent
dilution and dialyzed against reconstitution buffer (100 mM KCl, 10%
glycerol, 1 mM DTT, and 25mM HEPES) containing 1 g/l of SM2 beads
(Bio-Rad Laboratories, Hercules, CA) overnight at 4 °C. Vesicles were
concentrated by ﬂotation in a Histodenz (Sigma, St Louis, MO, USA)
density gradient. The vesicles were harvested from the 0/30%Histodenz
interface.
For t-SNARE liposomes, 500 μl of t-SNARE solution (5 mg/ml SNAP-
23 and syntaxin-3, 0.8% n-octyl-D-glucoside, 100 mM KCl, 10% glycerol,
1 mM DTT, and 25 mM HEPES) was added to a 15 mM premixed lipid
ﬁlm (POPC:DOPS=85:15 (mol ratio)), and the solution dissolved thelipid ﬁlm. When PS was omitted from the solution, PC was increased to
100% for the t-SNARE vesicles. Liposomes were prepared by detergent
dilution and dialyzed against reconstitution buffer and harvested, as
described above.
2.6. Membrane fusion assay
Membrane fusion assays were performed as reported previously [9].
Brieﬂy, all assays included 10 μl v-SNARE liposomes and 90 μl t-SNARE
liposomes with an additional 400 μl reconstitution buffer or synapto-
tagmin 2C2 domain solution. Thesemixtureswere incubated for 1.5 h at
4 °C and then transferred to quartz microcuvettes that were placed in a
spectroﬂuorometer (RF-5300 Shimadzu, Kyoto, Japan) at 37 °C. NBD
ﬂuorescence (525 nm) was measured at an excitation wavelength of
480 nm. Liposomes with v-SNARE and t-SNAREs were mixed and
incubated for 7 min at 37 °C, then subjected to ﬂuorescence measure-
ment. Maximal NBD ﬂuorescence intensity was determined by adding
100 μl of 2.5% Triton X-100. Membrane fusion was estimated as
described previously [9,11]. The fusion activities were plotted against
Ca2+ concentrations and ﬁtted with the Hill equation:
Fusion activity=Fmax×[Ca2+]n/(Kdn+[Ca2+]n), where Fmax is
maximum fusion activity, Kd is apparent dissociation constant and n
is the Hill coefﬁcient.
2.7. Coﬂotation assays
In the coﬂotation assays, 10 μM GST-tagged synaptotagmin 2C2
domain was added to 45 μl protein-free liposomes in a total volume of
100 μl reconstitution buffer with either 0.2 mM EGTA or 1 mMCa2+ for
1 h at 4 °C. Each sample (100 μl) was mixed with 100 μl of 80%
Histodenz solution and layered with 150 μl of Histodenz solution
followed by 20 μl of reconstitution buffer without glycerol. These
samples were centrifuged at 280,000×g for 2.5 h at room temperature.
Liposomes (40 μl)wereharvested from the0/30% interface, subjected to
SDS-PAGE, and stained with Coomassie brilliant blue (CBB) [12].
2.8. Statistical analysis
Data are presented as mean±s.e.m. and statistical analysis was
performed using a Student's t-test or analysis of variance (ANOVA) for
multiple comparison.
3. Results
3.1. Interaction between synaptotagmin 2 and SNARE proteins
In mast cells, syntaxin-3, -4, and SNAP-23 are expressed on the
plasma membrane as t-SNAREs, and VAMP-2 and VAMP-8 are
expressed on secretory granules as a v-SNAREs [3]. These SNAREs are
considered to be involved in the exocytotic release of mast cells. We
examined the interaction of synaptotagmin 2 with SNARE proteins by
the GST pull-down assay. The C2 domain of synaptotagmin 2 was
expressed in E. coli as a fusion protein with GST. Puriﬁed synaptogtag-
min 2 was mixed with a cell lysate of RBL-2H3 cells. Pulled down
samples were subjected to a Western blot analysis. As for t-SNAREs,
interactions with syntaxin-3, -4, and SNAP-23were detected (Fig. 1). In
the presence of 1 mMCa2+, the interactionwith syntaxin-3 appeared to
be enhanced slightly but not signiﬁcant. As for v-SNAREs, we found that
VAMP-8 but not VAMP-2 interacts with synaptotagmin 2.
3.2. Effects of synaptotagmin 2 on membrane fusion
Previously, we reported that a combination of syntaxin-3, SNAP-23,
and VAMP-8 induced themost effective membrane fusion of liposomes
[9]. Here we investigated the effects of synaptogtagmin 2 onmembrane
fusion between liposomes containing syntaxin-3, SNAP-23, and VAMP-
syntaxin-3
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GST-Syt2
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Fig. 1. Interaction of synaptotagmin 2 with SNARE proteins. The C2 domain of
synaptotagmin 2 expressed as a fusion protein with GST was mixed with a cell lysate of
RBL-2H3 cells in the presence (+Ca2+) or absence (−Ca2+) of 1 mM Ca2+. Pulled down
samples were subjected to Western blot analysis using speciﬁc antibody for SNARE
proteins indicated on the left.
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Fig. 2. Effects of synaptotagmin 2 on membrane fusion revealed by FRET assay.
A. Changes in the emission spectrums of NBD and rhodamine excited at 480 nm at the
indicated time after mixing of liposomes bearing SNARE proteins. Membrane fusion of
liposomes caused a decrease in FRET efﬁciency, resulting in an increase in the
ﬂuorescence intensity of NBD (shown by a thick green arrow) and a decrease in the
ﬂuorescence intensity of rhodamine (shown by a thick red arrow). B. Changes in the
emission spectrums of NBD and rhodamine excited at 480 nm at the indicated time
after mixing of liposomes without SNARE proteins. No FRET was observed. C. The time
courses of the fusion activity of SNARE liposomes in the presence of the indicated
concentrations of synaptotagmin 2. In the presence of 1 mM Ca2+, membrane fusion
was enhanced by higher concentrations of synaptotagmin 2 (5 μM Syt/Ca2+ and 10 μM
Syt/Ca2+). In contrast, a lower concentration of synaptotagmin 2 (0.7 μM Syt/Ca2+)
inhibited the membrane fusion. The labels “EGTA” and “Ca2+” represent membrane
fusion activity without synaptotagmin 2 in the presence and absence of 0.2 mM EGTA
and Ca2+, respectively. Puriﬁed SNAREs reconstituted in liposomes were analyzed by
SDS-PAGE with CBB staining (inset).
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proteins using a Ni-nitrilotriacetic acid or glutathione column. We
prepared proteoliposomes containing t-SNAREs (syntaxin-3 and SNAP-
23) and a v-SNARE (VAMP-8). Fig. 2 shows the changes in the emission
spectrum of NBD and rhodamine excited at 480 nm in the presence
(Fig. 2A) and absence (Fig. 2B) of SNARE proteins in liposomes.
Membrane fusion of liposomes decreased the FRET efﬁciency, resulting
in an increase in the ﬂuorescence intensity of NBD and a decrease in the
ﬂuorescence intensity of rhodamine. The time courses of the fusion
activity in the presence of indicated concentrations of synaptotagmin 2
are shown in Fig. 2C. In the presence of Ca2+, SNARE-mediated
membrane fusion was enhanced by higher concentrations of synapto-
tagmin 2 (5 and 10 μM). In contrast, a lower concentration of
synaptotagmin 2 (0.7 μM) inhibited the membrane fusion. The effects
of synaptotagmin 2 on membrane fusion are summarized in Fig. 3.
Interestingly, without Ca2+, synaptotagmin 2 inhibited the mem-
brane fusion even at a higher concentration (5 μM). This suggests that
synaptotagmin 2 clamps the SNARE complex and prevents membrane
fusion in the absence of Ca2+. Thus, we examined the effect of the
addition of Ca2+ to the SNARE liposomes clamped by synaptotagmin 2
without Ca2+. Without Ca2+, 10 μM of synaptotagmin 2 inhibited
SNARE-mediated membrane fusion almost completely. However, the
addition of Ca2+ at 60 min (indicated by an arrow in Fig. 4A–C) induced
membrane fusion depending on the Ca2+ concentration. Non linear
regression analysis using the Hill equation revealed that Fmax, Kd and n
are 22.9%, 0.29 mM and 1.9, respectively.
3.3. Effects of PS on membrane fusion involving synaptotagmin 2
In addition to interacting with SNARE proteins, synaptotagmin is
known to interact with PS, and this interaction is considered to be
involved in the exocytotic release [13,14]. Thus, we investigated the
interaction of synaptotagmin2withPSbya coﬂotation assay. Liposomes
comprising 100% PC or 85% PC and 15% PS were centrifuged after
incubation with synaptotagmin 2 in the presence or absence of 1 mM
Ca2+. The liposome fraction was collected and analyzed by SDS-PAGE
and stainedwithCBB(Fig. 5A). PS-containingLiposomes interactedwith
synaptotagmin 2 in the presence of Ca2+, whereas liposomes prepared
with PConly did not interactwith synaptotagmin 2 even in thepresence
of Ca2+. As shown in Fig. 3, a lower concentration of synaptotagmin 2
inhibited membrane fusion, whereas a higher concentration of
synaptotagmin 2 enhanced membrane fusion. We investigated the
involvement of PS in the regulation of membrane fusion by synapto-
tagmin 2. The inhibitory effect of a low concentration of synaptotagmin
2 was not affected by PS. However, the enhancement of membranefusion by a higher concentration of synaptotagmin 2 was clearly
dependent on the presence of PS in liposomes (Fig. 5B).
4. Discussion
In this study, we investigated the role of synaptotagmin 2—themost
abundant isoform of synaptotagmin in mast cells—using a fusion assay
of liposomes expressing SNAREs involved inmast cell exocytosis. A pull-
down assay using mast cell lysates revealed that synaptotagmin 2
interacts with SNAP-23, syntaxin-3, -4, and VAMP-8 (Fig. 1). Chapman
et al. reported that synaptotagmin 1 interacts with syntaxin 1 directly
and that the afﬁnity of their interaction was enhanced by Ca2+ [15]. In
thepresent study, synaptotagmin 2 interactedwithboth syntaxin-3 and
-4, but signiﬁcant enhancement of the interaction by Ca2+ was not
observed. In addition to the syntaxins, SNAP-25 and VAMP-2 have been
reported to be immunoprecipitated by synaptotagmin 1 from brain
extracts [16]. We could not detect an interaction between synaptotag-
min 2 and VAMP-2. This may reﬂect the result that VAMP-8, but not
VAMP-2, is involved in mast cell exocytosis [17,18].
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Fig. 3. Effects of synaptotagmin 2 on SNARE-mediated membrane fusion. A. SNARE-
mediatedmembrane fusionat120 min in thepresenceof 1 mMCa2+. Theconcentrationof
synaptotagmin 2 is indicated below each bar. The bar represents mean±SEM (*pb0.05,
**pb0.01, ANOVA). B. SNARE-mediated membrane fusion at 120 min in the absence of
1 mM Ca2+. The concentration of synaptotagmin 2 is indicated as explained above
(*pb0.05, ANOVA).
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Fig. 5. Effects of PS on membrane fusion involving synaptotagmin 2. A. Interaction of
synaptotagmin 2 with PS revealed by coﬂotation assay. Liposomes comprising 100% PC
(PC) or 85% PC and 15% PS (PC/PS) were centrifuged after incubation with 10 μM GST-
synaptotagmin 2 in the presence or absence of 1 mM Ca2+. The collected liposome
fraction was analyzed by SDS-PAGE and stained with CBB. Only PS-containing
liposomes interacted with synaptotagmin 2 in the presence of Ca2+. B. Involvement
of PS in the regulation of membrane fusion by synaptotagmin 2. The inhibitory effect of
a low concentration of synaptotagmin 2 was independent of PS in the liposomes,
whereas the facilitatory effect of a high concentration of synaptotagmin 2 required PS in
the liposomes. The bar represents mean±SEM (**pb0.01, Student's t-test).
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dependent regulation of membrane fusion mediated by SNAREs
involved in mast cell exocytosis, we examined the effects of synapto-
tagmin 2 on membrane fusion between liposomes. In the presence of
Ca2+, the effects of synaptotagmin 2 differed depending on theA B
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equation, Kd and Hill coefﬁcient were estimated 0.29 mM and 1.9, respectively.concentration of synaptotagmin 2. In the absence of Ca2+, synapto-
tagmin 2 inhibited membrane fusion even at a higher concentration.
Chicka et al. showed that synaptotagmin 1 clamps the SNARE complex
to prevent membrane fusion before a Ca2+ trigger [19]. Upon Ca2+
elevation, synaptotagmin 1 facilitates membrane fusion, affecting the
folding and assembly of SNAREs [20]. We found that synaptotagmin 2
has similar effects on SNAREs involved in mast cell exocytosis (Fig. 4).0.4 0.6 0.80.20 1.0 1.2
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ity increased in a manner dependant on the concentration of Ca2+. D. Ca2+ dependency
trations and ﬁtted with the Hill equation. Non linear regression analysis using the Hill
2439Y. Nagai et al. / Biochimica et Biophysica Acta 1808 (2011) 2435–2439However, the inhibitory effect of synaptotagmin 2 at a low concentra-
tion in the presence of Ca2+ remains to be elucidated. Salinas et al.
reported that the expression of SNAP23 and syntaxin-4 increased after
sensitization of mast cells. Therefore it would be possible that the
intracellular concentration of synaptotagmin 2 increase by sensitization
in mast cells. If so, the up-regulated synaptotagmin 2 favors Ca2+-
dependent exocytotic release. On the other hand, the low concentration
of synaptotagmin 2 before sensitization might serve to prevent mast
cells fromunnecessary exocytotic release inducedby anaccidental Ca2+
increase [21].
Because the interaction of synaptotagmin 1with PS is important, we
examined the involvement of PS in the regulation of membrane fusion
by synaptotagmin 2. As shown in Fig. 5A, synaptotagmin 2 bound to PS
only in the presence of Ca2+. The facilitatory effect of a higher
concentration of synaptotagmin 2 required PS, whereas the inhibitory
effect of a low concentrationwas observed regardless of the presence of
PS (Fig. 5B). Together with the results shown in Fig. 3B, this indicates
that the inhibitory effect of a low concentration of synaptotagmin 2
requires Ca2+ but not PS.
In terms of speciﬁcity of Ca2+ on the regulation by synaptotagmin 2,
the reports about synaptotagmin 1 by Bhalla et al. provides us some
information. They investigated the effects of divalent cations (Ca2+, Sr2+,
Ba2+ and Mg2+) on the synaptotagmin 1-mediated membrane fusion
between liposomes containing SNAREs involved in exocytosis in neuron
[22]. Only Ca2+ facilitated themembrane fusion andother cationsdidnot.
In coﬂotation assay, the interaction between synaptotagmin 1 and PSwas
observed only in the case of Ca2+. Since synaptotagmin2 is very similar to
synaptotagmin 1 structurally [23], we think that the speciﬁcity of Ca2+ on
the regulation by synaptotagmin 2 is high and the effects of Ca2+ found in
this study would not be observed by other cations including Mg2+.
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